1. Introduction {#sec1-biomolecules-10-00324}
===============

Broadly, there are two major categories of lymphomas, namely Hodgkin lymphoma and non-Hodgkin lymphoma (NHL), which include a diverse set of lymphoid malignancies \[[@B1-biomolecules-10-00324]\]. Diffuse large B-cell lymphoma (DLBCL) is one of the most common subtypes of NHL worldwide, comprising 30--40% of all newly diagnosed cases \[[@B2-biomolecules-10-00324]\]. Gene expression profiling was used to identify three subtypes according to molecular heterogeneity: activated B cell-like (ABC), germinal center B cell-like (GCB), and primary mediastinal B cell lymphoma (PMBCL) subgroups \[[@B3-biomolecules-10-00324],[@B4-biomolecules-10-00324],[@B5-biomolecules-10-00324]\]. Within the last decade, despite highly curative immunochemotherapy regimens, 30--40% of patients have relapsed/refractory disease with resistance and require salvage treatment, which does not offer satisfactory outcomes \[[@B6-biomolecules-10-00324],[@B7-biomolecules-10-00324]\]. Among the subtypes, the least curable is activated B cell-like DLBCL, necessitating the development of new treatment strategies for this disease.

ABC-DLBCL is characterized by constitutive activation of the nuclear factor-κB (NF-κB) pathway \[[@B8-biomolecules-10-00324]\]. The activation of NF-κB depends on the proteasomal degradation of the inhibitor of NF-κB (IκB) proteins, following their phosphorylation by the IκB kinase (IKK) complex \[[@B9-biomolecules-10-00324]\]. NF-κB dimers are composed of p65 (also known as REL-A), REL, and p50 subunits to enter the nucleus and mediate transcription of target genes \[[@B10-biomolecules-10-00324]\]. Whereas an oncogenic role for constitutive classic NF-κB activity has been demonstrated in DLBCL, inhibitors that block the activation of the canonical or alternative NF-κB pathways of DLBCL have yet to be developed.

The genus *Inula*, a variable perennial herb, is comprised of approximately 100 species worldwide that are distributed mainly in Asia, Europe, and Africa \[[@B11-biomolecules-10-00324]\]. Many *Inula* species are used in traditional medicine for the treatment of bronchitis, diabetes, intestinal ulcers, digestive disorders, and inflammation in various parts of the world \[[@B12-biomolecules-10-00324],[@B13-biomolecules-10-00324]\]. Among the species, the flowers of *Inula britannica* Linnaeus (Asteraceae) exhibit antibacterial, carminative, diuretic, and laxative properties \[[@B14-biomolecules-10-00324]\], which are associated with the presence of various biologically active compounds, such as steroids, terpenoids (sesquiterpenes, diterpenes, and triterpenoids), phenolics, and flavonoids \[[@B15-biomolecules-10-00324]\]. Of these, sesquiterpenes are the 15-carbon subgroup of terpenoids and the characteristic components of the *Inula* species. In the *Inula* species, most sesquiterpenes occur in a lactonized form, and the major type of sesquiterpene lactones found in this species is eudesmanolides \[[@B16-biomolecules-10-00324]\]. Eudesmanolides are tricyclic sesquiterpene lactones with a five-membered γ-butyrolactone ring, which can be divided into two structural classes depending on the cyclization of the lactone ring, 6,12- and 8,12-olides.

2α-Hydroxyeudesma-4,11(13)-dien-8β,12-olide (HEDO) is a eudesmane-type sesquiterpene lactone \[[@B17-biomolecules-10-00324]\], belonging to a large group of plant terpenoids, with an 8,12-olide skeleton isolated from *I. britannica*. In the course of searching for anticancer agents from natural sources, we found that HEDO exhibited dramatic cytotoxic activity against the DLBCL cell line. In the present study, we examined the anticancer activity of HEDO against OCI-LY3 cells in vitro. Furthermore, we investigated the molecular mechanism associated with the anticancer effect of HEDO.

2. Materials and Methods {#sec2-biomolecules-10-00324}
========================

2.1. Plant Material {#sec2dot1-biomolecules-10-00324}
-------------------

The flowers of *I. britannica* were purchased from a traditional herbal medicine store in Daejeon, the Republic of Korea, in August 2018, and were identified by Prof. Ki Hwan Bae (College of Pharmacy, Chungnam National University, Republic of Korea). A voucher specimen (IB2018-001) has been deposited in the Herbarium of the College of Pharmacy, Chungnam National University.

2.2. Extraction and Isolation {#sec2dot2-biomolecules-10-00324}
-----------------------------

The air-dried flowers of *I. britannica* (1 kg) were extracted using ethanol (10 L) at 80 °C for 3 h, then filtered and concentrated to yield an ethanol extract (60 g, 6% yield). The extract (50 g) was fractionated by Diaion HP-20 column chromatography (50 × 10 cm) and eluted with a gradient solvent system consisting of (A) methanol and (B) H~2~O. The fractions resulting from the column chromatographic separation were combined into three fractions (A--C) based on the Thin-layer chromatography (TLC) results. Among these, sesquiterpene-rich fraction B was chromatographed on a YMC reversed phase (RP)-18 column (50 × 6.5 cm) using a MeOH--H~2~O gradient solvent system (20:80→100:0) to yield three subfractions (B1--B3). Fraction B1 was further chromatographed on a YMC RP-18 column (50 × 3.5 cm) and eluted with a MeOH--H~2~O gradient solvent system (40:60→80:20) to yield HEDO (220 mg).

HEDO: Whiter powder; \[α\]~D~ -87 (c 0.1, MeOH); UV (MeOH) λ~max~ 207 nm; IR (KBr) ν~max~ 3479, 2980, 1745, 1645, 1320, 1262, 1141, 999, 928, and 811 cm^−1^; ^1^H-NMR (400 MHz, CD~3~OD) δ 6.20 (1H, d, *J* = 2.8 Hz, H-13a), 5.74 (1H, d, *J* = 2.8 Hz, H-13b), 4.54 (1H, m, H-8), 3.56 (1H, m, H-2), 3.16 (2H, m, H-7), 2.95 (1H, dd, *J* = 13.6, 7.6 Hz, H-6a), 2.23 (1H, dd, *J* = 13.6, 4.4 Hz, H-6b), 2.16--1.96 (2H, m, H-3), 1.84--1.73 (2H, m, H-9), 1.66 (3H, s, CH~3~-15), 1.46 (1H, dd, J = 13.6, 10.8 Hz, H-1α), 1.01 (3H, s, CH~3~-14); ^13^C-NMR (100 MHz, CD~3~OD) δ 173.0 (C-12), 141.7 (C-11), 132.0 (C-5), 127.8 (C-4), 122.8 (C-13), 77.9 (C-8), 72.8 (C-2), 41.7 (C-7), 40.5 (C-10), 38.6 (C-1), 32.1 (C-9), 28.9 (C-3), 27.8 (C-6), 21.0 (CH~3~-15), 19.1 (CH~3~-14); ESIMS *m*/*z* 249 \[M + Na\]^+^.

2.3. Cell Culture {#sec2dot3-biomolecules-10-00324}
-----------------

OCI-LY3 cells were obtained from the German Collection of Microorganisms and Cell Cultures GmbH (Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig, Germany). A culture medium for the cell line was used in accordance with the information provided by DSMZ. Cell lines were cultured in a humidified atmosphere of 5% CO~2~ at 37 °C. Subcultures were generated when the cell density reached 80--90% every 3 days.

2.4. Antiproliferation Assay {#sec2dot4-biomolecules-10-00324}
----------------------------

To assess antiproliferative effects in the presence of HEDO, cells were cultured at a cell density of 5 × 10^5^ cells per well in 100 μL advanced Roswell Park Memorial Institute (RPMI) 1640 medium. The cells were treated with different concentrations of HEDO (3, 5, 10, 20, 50, and 100 μM). Cell viability was assessed using an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2*H*-tetrazolium, inner salt) assay, as described in a previous paper written by the authors of this study \[[@B18-biomolecules-10-00324]\].

2.5. Microscopy {#sec2dot5-biomolecules-10-00324}
---------------

HEDO-treated OCI-LY3 cells were examined under a phase-contrast microscope (Olympus, Tokyo, Japan) to detect morphological changes, as described in a previous paper written by the authors of this study \[[@B18-biomolecules-10-00324]\].

2.6. Tetramethylrhodamine Methyl Ester Perchlorate (TMRM) Assay {#sec2dot6-biomolecules-10-00324}
---------------------------------------------------------------

The cells were incubated with 100 nM TMRM (Thermo Fisher Scientific, Waltham, MA, USA), which is a fluorescent indicator of the mitochondrial membrane potential. The cells were washed and resuspended in phosphate-buffered saline (PBS), measured using a flow cytometer (BD FACSVerse, BD Biosciences, San Jose, CA, USA), and analyzed using the FlowJo software.

2.7. Measurement of Reactive Oxygen Species (ROS) and Mitochondrial Membrane Potential (Δψm) {#sec2dot7-biomolecules-10-00324}
--------------------------------------------------------------------------------------------

To measure the ROS levels in the cells, the 2′,7′-dichlorodihydrofluorescein diacetate acetyl ester (H~2~DCFDA) indicator was used (Thermo Fisher Scientific, Waltham, MA, USA). Cells were incubated with 1 μM H~2~DCFDA at room temperature. To measure the mitochondrial ROS levels in the cells, MitoSOX-red mitochondrial superoxide indicator was used (Thermo Fisher Scientific, Waltham, MA, USA). To detect Δψm, cells were incubated with MitoProbe JC-1 (5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) (Thermo Fisher Scientific, Waltham, MA, USA). Fluorescence-activated cell sorting (FACS) buffer (PBS supplemented with 1% fetal bovine serum) was used for washing and resuspension. Intracellular fluorescence ROS levels and Δψm were analyzed using a flow cytometer (BD FACSVerse, BD Biosciences, San Jose, CA, USA).

2.8. Cell Cycle Progression {#sec2dot8-biomolecules-10-00324}
---------------------------

Analysis of the cellular DNA content of HEDO-treated cells enables the detection of cells in each cycle phase (sub-G~0~/G~1~, G~0~/G~1~, S, or G~2~/M). HEDO-treated OCI-LY3 cells were seeded into 6-well plates and incubated for 48 h. The cells were harvested, washed with PBS, and fixed with ice-cold 80% EtOH at 4 °C for 3 h. For cell cycle analysis, the Muse cell cycle assay kit (Luminex Corporation, Austin, TX, USA) was used. The cells were evaluated using a flow cytometer (BD FACSVerse, BD Biosciences, San Jose, CA, USA), and the cell percentages of the sub-G~0~/G~1~, G~0~/G~1~, S, and G~2~/M phases were analyzed using the FlowJo software.

2.9. Apoptosis Analysis {#sec2dot9-biomolecules-10-00324}
-----------------------

The cells were analyzed by flow cytometry for phosphatidylserine detection using an Annexin V APC/PI apoptosis detection kit (BioLegend, San Diego, CA, USA). HEDO-treated and untreated OCI-LY3 cells were incubated at 37 °C for 72 h. The cells were harvested, washed with PBS, and stained with Annexin V/PI, according to the manufacturer's instructions. After staining, the apoptotic cells were analyzed using a flow cytometer (BD FACSVerse, BD Biosciences, San Jose, CA, USA). The percentages of the cells were also analyzed using the FlowJo software.

2.10. Western Blot Analysis {#sec2dot10-biomolecules-10-00324}
---------------------------

Cells treated with HEDO were collected and lysed in a RIPA buffer containing a complete protease inhibitor cocktail. The concentrations of lysates were measured using the Bradford assay. Total protein was separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis and the gels were transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% nonfat milk. The primary antibodies, namely, anti-BCL-2, anti-BCL-XL, anti-actin (Santa Cruz Biotechnology, Dallas, TX, USA), and anti-cleaved caspase-3 (Cell Signaling Technology, Danvers, MA, USA), were diluted, according to the manufacturer's recommendation. After treating with the primary antibodies, the membranes were incubated with secondary antibodies at 1:5000 dilutions, which were detected using an ImageQuant LAS 4000 Mini (Fujifilm, Tokyo, Japan). For the quantification, the band was analyzed using an image analysis program (Multi Gauge, Tokyo, Japan).

2.11. RT-qPCR {#sec2dot11-biomolecules-10-00324}
-------------

Total RNA was isolated from 48-h HEDO-treated cells using the RNeasy mini kit (Qiagen, Hilden, Germany). Each PCR reaction was performed using the iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). The RT-qPCR analysis was also performed on a StepOnePlus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA).

2.12. Confocal Imaging {#sec2dot12-biomolecules-10-00324}
----------------------

Cells treated with HEDO for 48 h were fixed in 4% paraformaldehyde. The fixed cells were blocked and permeabilized with 3% BSA and 0.01% Triton X-100 in PBS. p65 (Santa Cruz Biotechnology, Dallas, TX, USA) was the primary antibody used, and incubation occurred overnight at 4 °C. The secondary antibody used was donkey anti-rabbit Alexa Fluor 555 (Thermo Fisher Scientific, Waltham, MA, USA). The images were acquired using a fluorescence microscope (Olympus, Tokyo, Japan).

2.13. Live/Dead Fluorescence Microscopy Assay {#sec2dot13-biomolecules-10-00324}
---------------------------------------------

The morphology of the OCI-LY3 cells was investigated through the fluorescent labeling of both living and dead cells using the LIVE/DEAD kit (Thermo Fisher Scientific, Waltham, MA, USA). In addition, the cells were stained in the dark using a calcein and EthD-1, according to the manufacturer's instructions. Images were captured using a fluorescence microscope (Olympus, Tokyo, Japan).

2.14. Statistical Analysis {#sec2dot14-biomolecules-10-00324}
--------------------------

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA), and the values were provided as means ± SEM. Data were further analyzed through the Student's *t*-test, and *p*-value \< 0.05 was considered statistically significant.

3. Results {#sec3-biomolecules-10-00324}
==========

3.1. Extraction and Isolation of HEDO {#sec3dot1-biomolecules-10-00324}
-------------------------------------

The ethanol extract of *I. britannica* flowers was subjected to Diaion HP-20 column chromatography and divided into three fractions (A--C) based on the results of thin-layer chromatography (TLC). Fraction B was further chromatographed, leading to the isolation of a sesquiterpene lactone, which was identified as HEDO by comparing its physicochemical and spectral data to those in the literature ([Figure 1](#biomolecules-10-00324-f001){ref-type="fig"}) \[[@B17-biomolecules-10-00324]\].

3.2. HEDO-Induced Antiproliferative Effect {#sec3dot2-biomolecules-10-00324}
------------------------------------------

The anti-proliferative effect of HEDO was tested in a cell proliferation assay using a blood cancer cell line. HEDO showed the strongest anti-proliferative activity against OCI-LY3 cells dose-dependently. The anti-proliferative effect increased with both the treatment duration and dose ([Figure 2](#biomolecules-10-00324-f002){ref-type="fig"}). These results indicate that HEDO has potent cytotoxic activity against OCI-LY3 cells.

3.3. HEDO Effects on Mitochondrial Membrane Potential {#sec3dot3-biomolecules-10-00324}
-----------------------------------------------------

Next, the effect of HEDO on the mitochondrial membrane potential (ΔΨm) was examined by measuring tetramethylrhodamine methyl ester (TMRM) fluorescence intensity using flow cytometry. TMRM-positive quantifies the ΔΨm in lymphoma cells. HEDO-treated cells revealed a dramatic membrane potential depolarization after 48 h ([Figure 3](#biomolecules-10-00324-f003){ref-type="fig"}A,B). Thus, HEDO induced mitochondrial depolarization in OCI-LY3 lymphoma cells. These results suggest that HEDO is a potential chemotherapeutic agent for blood cancers.

3.4. HEDO-Induced Reactive Oxygen Species (ROS) {#sec3dot4-biomolecules-10-00324}
-----------------------------------------------

Tumor cells sustain ROS production by suppressing antioxidant levels. Tumor cells have higher levels of ROS compared with normal cells due to their elevated metabolism \[[@B19-biomolecules-10-00324]\]. ROS production induced by anticancer agents is known to be associated with programmed cell death. To examine how HEDO causes OCI-LY3 cell death, the ROS levels were detected using the 2′,7′-dichlorodihydrofluorescein diacetate assay (H~2~DCFDA). Flow cytometry analysis showed that HEDO induced intracellular ROS levels in OCI-LY3 cells after 48 h ([Figure 4](#biomolecules-10-00324-f004){ref-type="fig"}A). ROS generation was quantified by flow cytometry, which similarly showed that ROS generation was dramatically increased by HEDO treatment ([Figure 4](#biomolecules-10-00324-f004){ref-type="fig"}B).

3.5. HEDO-Induced Cell Cycle Arrest {#sec3dot5-biomolecules-10-00324}
-----------------------------------

We also found that HEDO markedly increased the sub-G~0~/G~1~ cell population. HEDO (10 μM) treatment for 48 h resulted in the accumulation of cells in the sub-G~0~/G~1~ phase, from 6.74% in the untreated control cells to 19.0% in HEDO-treated cells ([Figure 5](#biomolecules-10-00324-f005){ref-type="fig"}A,B). Overall, these HEDO-induced accumulation results of apoptotic lymphoma cell populations reveal that HEDO may be responsible for the prohibition of cell growth by inducing cell cycle arrest at the sub-G~0~/G~1~ phase.

3.6. HEDO-Induced Apoptosis {#sec3dot6-biomolecules-10-00324}
---------------------------

HEDO-induced apoptosis was assessed using OCI-LY3 cells. The cells were stained with Annexin V and propidium iodide (PI) dyes to determine the percentages of apoptotic and viable cells. The percentages of early and late apoptotic cells increased, but the percentage of live cells decreased at 72 h post-HEDO treatment, confirming that the apoptotic cell death was induced by HEDO ([Figure 5](#biomolecules-10-00324-f005){ref-type="fig"}C). HEDO-treated OCI-LY3 cells showed an increased percentage of apoptotic cells within 72 h, indicating that HEDO markedly induced apoptosis in lymphoma cells ([Figure 5](#biomolecules-10-00324-f005){ref-type="fig"}D). Moreover, we investigated the expression levels of apoptosis-associated proteins. Western blots showed that HEDO downregulated the expression of BCL2, BCL-XL, and procaspase 3 and also upregulated BAX and cleaved caspase-3, which promotes apoptosis ([Figure 6](#biomolecules-10-00324-f006){ref-type="fig"}A). The qRT-PCR results demonstrated that HEDO increased pro-apoptotic markers, such as Bax, Bak, and Noxa, which promoted apoptosis in OCI-LY3 cells compared with untreated control cells ([Figure 6](#biomolecules-10-00324-f006){ref-type="fig"}B).

3.7. Inhibition Analysis of NF-κB {#sec3dot7-biomolecules-10-00324}
---------------------------------

Treatment with 20 μM HEDO markedly reduced cell viability, and microscopic analysis showed that HEDO treatment induced typical apoptotic morphological changes when compared with the control, dimethyl sulfoxide (DMSO)-treated cells ([Figure 7](#biomolecules-10-00324-f007){ref-type="fig"}A). p65 and p50 are the most common NF-κB subunits and are involved in the classical NF-κB pathway in lymphoma \[[@B20-biomolecules-10-00324]\]. Nuclear localization of p65 was used as a measure of NF-κB activation \[[@B21-biomolecules-10-00324]\]. In this study, HEDO was able to promote apoptosis by inhibiting the nuclear translocation of p65 ([Figure 7](#biomolecules-10-00324-f007){ref-type="fig"}B).

3.8. Live/Dead Assay in OCI-LY3 Cells {#sec3dot8-biomolecules-10-00324}
-------------------------------------

The viability/cytotoxicity assay is commonly used to quantify live and dead cell populations, which involves labeling the cells with ethidium homodimer-1 (EthD-1, red) and calcein (green) fluorophores. The live/dead assay was imaged using a fluorescence microscope ([Figure 7](#biomolecules-10-00324-f007){ref-type="fig"}C). Upon examining the characteristics of the live and dead stains, it was found that the HEDO (10 μM)-treated population showed weak red fluorescence. OCI-LY3 cells exposed to 20 μM HEDO demonstrated a dramatic increase in red fluorescence-labeled dead cells within 48 h of treatment. However, this observation was the reverse in the DMSO control ([Figure 7](#biomolecules-10-00324-f007){ref-type="fig"}D,E). These results support the results mentioned above that HEDO dramatically increased the proportion of apoptotic cells.

4. Discussion {#sec4-biomolecules-10-00324}
=============

NHL is the most common hematologic malignancy, with more than 385,000 incidences occurring annually worldwide. The estimated number of annual worldwide deaths due to NHL exceeds 199,000 \[[@B22-biomolecules-10-00324]\]. Although most patients with DLBCL are cured through existing immunotherapy and chemotherapy regimens, approximately 20--30% of patients are refractory to chemotherapy or suffer relapses after salvage chemotherapy and stem cell transplantation \[[@B23-biomolecules-10-00324]\]. Historically, natural products from plants and animals have played an important role as cancer chemotherapeutic agents in humans \[[@B24-biomolecules-10-00324]\]. More recently, natural products have continued to enter clinical trials and provide leads for compounds undergoing clinical trials as anticancer agents. Therefore, natural products play a crucial role in the discovery of new anticancer drugs \[[@B25-biomolecules-10-00324]\].

It is well documented that medicinal plants exhibit notable anticancer activity against various tumors \[[@B26-biomolecules-10-00324]\]. Plants contain abundant compounds that consistently reduce the risk of cancer in almost all parts of the body, such as the lungs, colon, rectum, prostate, cervix, stomach, pancreas, breasts, and bladder \[[@B27-biomolecules-10-00324]\]. Therefore, efforts are being made to develop anticancer substances derived from natural products that can prevent and slow down the initial and subsequent development of cancer \[[@B28-biomolecules-10-00324]\]. Sesquiterpenes and their derivatives are large groups of naturally occurring compounds spread throughout the plant kingdom. Various plants used in traditional medicine contain large amounts of these compounds, but almost all are exclusively found in the Asteraceae family \[[@B29-biomolecules-10-00324]\]. Such compounds exhibit a variety of pharmacological activities, including cytotoxic and antitumor activities, and consequently, plants containing these compounds are promising ingredients for novel anticancer candidate drugs of natural origin \[[@B30-biomolecules-10-00324]\]. *Inula britannica* is an erect, sunflower-like, herbaceous biennial or perennial plant in the Asteraceae family and its flowers are used in traditional Chinese medicine for the treatment of various diseases, such as digestive disorders, bronchitis, and inflammation \[[@B31-biomolecules-10-00324]\]. This plant has been shown to contain high levels of sesquiterpenes, and some of these sesquiterpenes, especially sesquiterpene lactones, have been reported to exhibit potent cytotoxic and apoptotic activities \[[@B14-biomolecules-10-00324],[@B15-biomolecules-10-00324]\].

Eudesmanolides are a class of sesquiterpene lactones most widely found in *Inula* species containing more than 200 members, many of which exhibit antifungal, antibacterial, and anticancer activities \[[@B15-biomolecules-10-00324],[@B16-biomolecules-10-00324]\]. Such tricyclic terpenoids are characterized by a 1,4α-dimethyldecahydronaphthalene framework with a five-membered γ-butyrolactone ring, and most incorporate a *trans*-fused decalin system. HEDO is a sesquiterpene lactone with an eudesmanolide skeleton, which was first found in *Pulicaria undulata* C.A. Mey., belonging to the Asteraceae family \[[@B17-biomolecules-10-00324]\]. To the best of our knowledge, this is the first report of the isolation of HEDO from *I. britannica*. With the exception of its nitric oxide production inhibitory effect in LPS-induced RAW 264.7 cells \[[@B32-biomolecules-10-00324]\], little is known about the biological activity of this compound to date.

In this study, we sought to evaluate the anticancer activity of HEDO, a eudesmane-type sesquiterpene lactone isolated from *I. britannica*, against DLBCL cells in vitro. We found that HEDO inhibits OCI-LY3 cell growth dose-dependently from 0 to 20 μM. However, only a slight effect was observed with 50 and 100 μM. As cancer is a multifactorial disease, it requires treatment with compounds able to target multiple intracellular molecules \[[@B33-biomolecules-10-00324],[@B34-biomolecules-10-00324]\]. Traditional medicines and natural products are used as direct sources of natural agents that harbor multiple therapeutic effects \[[@B24-biomolecules-10-00324],[@B35-biomolecules-10-00324]\]. Thus, researchers began to investigate the anti-tumor activity of natural compounds and subsequently strived to understand the mechanisms of the actions involved \[[@B36-biomolecules-10-00324]\]. HEDO appears to have multiple molecular targets related to proteins involved in cell death or cell survival. On a different note, the pharmacokinetic variability of drugs often limits optimal effectiveness due to toxic side effects \[[@B37-biomolecules-10-00324]\]. Considering that cancer treatment using HEDO of high doses has less toxic effects, it has a potential advantage in the development of drugs with optimal doses \[[@B38-biomolecules-10-00324],[@B39-biomolecules-10-00324]\].

Next, we performed both MMP and ROS assays with two time points (6 and 12 h). The 10 μM HEDO-treated cells revealed an initiation of membrane potential depolarization even after the short time periods of 6 and 12 h ([Supplementary Figure S1](#app1-biomolecules-10-00324){ref-type="app"}). Moreover, the result of the ROS experiment showed that the treatment of HEDO (10 μM) over a short time also markedly induced ROS in a time-dependent manner ([Supplementary Figure S2](#app1-biomolecules-10-00324){ref-type="app"}), which reached a maximum after 48 h. It is important to determine whether HEDO acts as an oxidant or antioxidant as both can induce apoptosis. Uncontrolled production of oxidants results in oxidative stress that impairs cellular functions and contributes to the development of cancer \[[@B40-biomolecules-10-00324]\]. ROS play an important role in the maintenance of the redox balance \[[@B41-biomolecules-10-00324]\]. Oxidants are primarily responsible for generating excess cellular levels of ROS that causes damage to nucleic acids, proteins, lipids, and organelles, which can lead to the activation of cell death processes, such as apoptosis \[[@B42-biomolecules-10-00324],[@B43-biomolecules-10-00324]\]. It has been long thought that antioxidants reduce ROS produced in normal cellular processes and protect cells from oxidative damage. However, a recent study indicated that antioxidants cause direct damage to DNA; moreover, double-strand breaks (DSBs) of DNA in cells are difficult to repair and are directly related to genetic mutation, apoptosis, and cancer initiation \[[@B44-biomolecules-10-00324]\]. Another example is that Luteolin induces apoptotic cell death via antioxidant activity in human colon cancer cells \[[@B45-biomolecules-10-00324]\]. To test whether HEDO is an oxidant or antioxidant, the total cellular ROS level was measured using H~2~DCFDA dye after HEDO treatment. Our data showed that the total cellular level of ROS was dramatically increased by HEDO treatment ([Figure 4](#biomolecules-10-00324-f004){ref-type="fig"}B). Moreover, we performed flow cytometry analysis by using the fluorescent dye MitoSOX-Red Mitochondrial Superoxide Indicator \[[@B46-biomolecules-10-00324]\]. We demonstrated that mitochondrial ROS was dramatically enhanced by HEDO and the increased mitochondrial ROS was reduced by an ROS scavenger \[[@B47-biomolecules-10-00324]\], ascorbic acid (AA) ([Supplementary Figure S5A,B](#app1-biomolecules-10-00324){ref-type="app"}). These data indicate that HEDO serves as an oxidant that generates mitochondrial ROS. One of the first stages of apoptosis involves changes seen in mitochondria, such as membrane potential collapses \[[@B48-biomolecules-10-00324]\]. JC-1 is a cell-permeant lipophilic cationic dye that accumulates in mitochondria and emits a red fluorescence color in healthy, active mitochondria due to the formation of aggregates \[[@B49-biomolecules-10-00324]\]. As the membrane potential collapses, the aggregates fall apart, and the fluorescence shifts to a green color. Therefore, a reduction in the red/green fluorescence intensity ratio can indicate the depolarization of mitochondria occurring during apoptosis \[[@B50-biomolecules-10-00324]\]. The percentage of cells with JC-1 green fluorescence significantly increased in OCI-LY3 cells, and a loss of mitochondrial membrane potential (ΔΨm) was observed under HEDO treatment ([Supplementary Figure S6A,B](#app1-biomolecules-10-00324){ref-type="app"}). These effects were reduced by an ROS scavenger, ascorbic acid (AA). All of these results suggest that HEDO acts as an oxidant that stimulates the apoptosis of OCI-LY3 cells through increased mitochondrial ROS, decreased mitochondrial membrane potential, and subsequent damage to mitochondria. Elevated oxidative stress observed in cancer cells can result not only from ROS overproduction but also from low levels or inactivation of antioxidant mechanisms \[[@B51-biomolecules-10-00324],[@B52-biomolecules-10-00324],[@B53-biomolecules-10-00324]\]. Our data showed that the level of ROS was dramatically increased by HEDO treatment ([Figure 4](#biomolecules-10-00324-f004){ref-type="fig"}B). To determine the molecular mechanism, we performed a qRT-PCR experiment using antioxidant-related genes. qRT-PCR analysis revealed that the HEDO treatment condition significantly decreased the mRNA expression level of antioxidant genes such as SOD1, GPx, and CAT ([Supplementary Figure S7](#app1-biomolecules-10-00324){ref-type="app"}). Therefore, the data indicate that HEDO serves as an oxidant that downregulates antioxidants, which subsequently leads to apoptosis caused by the accumulated ROS. In addition, the ability of oxidative stress (which is due to an excessive accumulation of ROS) to provoke cell death through massive cellular damage associated with lipid peroxidation and alterations of proteins and nucleic acids has been well reported \[[@B41-biomolecules-10-00324]\]. Notably, ROS accumulation preceded mitochondrial membrane alterations and other typical apoptotic events \[[@B54-biomolecules-10-00324]\]. Likewise, the treatment of HEDO leads to ROS accumulation that causes OCI-LY3 lymphoma cell death.

To prove ROS-mediated apoptosis induced in OCI-LY3 lymphoma cells, we performed an apoptosis assay using PI/annexin V-APC for FACS analysis after 24 and 48 h using the OCI-LY3 cell line ([Supplementary Figure S3](#app1-biomolecules-10-00324){ref-type="app"}). The apoptosis analysis results showed that HEDO (10 μM) treatment for 24 and 48 h also markedly induced the percentages of early and late apoptotic cells in a time-dependent manner, which reached a maximum after 72 h. Many types of cancer cells exhibit increased levels of ROS, and ROS production has been proven to be associated with apoptosis caused by anticancer agents \[[@B55-biomolecules-10-00324]\]. Accordingly, an accumulation of ROS corresponds to apoptosis, suggesting its importance in the anticancer activity of HEDO. In this study, our novel discovery demonstrates that HEDO is a potent agent that induces apoptosis in lymphoma cells through an ROS-dependent pathway.

Recent studies of apoptosis in cancer cells have led to the discovery of several molecules which act according to both the extrinsic and intrinsic apoptotic pathways \[[@B56-biomolecules-10-00324],[@B57-biomolecules-10-00324]\]. The extrinsic pathway provokes apoptosis through a caspase cascade that eventually leads to cell death \[[@B58-biomolecules-10-00324]\]. On the other hand, the intrinsic apoptotic pathway is mitochondria-dependent and responds to different stress conditions such as genetic damage, cytosolic calcium, and oxidative stress \[[@B41-biomolecules-10-00324],[@B59-biomolecules-10-00324]\]. These types of internal stimuli initiate pro-apoptotic members of the BCL-2 family and induce the interruption of mitochondrial membrane permeability (MMP), which is characterized by a decrease in mitochondria membrane potential \[[@B60-biomolecules-10-00324]\]. Anti-apoptotic proteins such as BCL-2 and BCL-XL ensure survival by preventing the activation of pro-apoptotic proteins like BAX, which is involved in the formation of large macro-pores in the mitochondrial outer membrane \[[@B57-biomolecules-10-00324],[@B61-biomolecules-10-00324]\]. In addition, BAX signaling activates the effector caspase, caspase-3, which triggers apoptosis \[[@B62-biomolecules-10-00324]\]. To investigate the signaling molecule for the confirmation of the intrinsic (or mitochondrial) signaling pathway of apoptosis, we performed western blot analysis with two concentrations (10 and 20 μM) of HEDO. The western blots showed that HEDO not only downregulated the expression of BCL2, BCL-XL, and procaspase 3, but also upregulated BAX and cleaved caspase-3, which promotes apoptosis ([Figure 6](#biomolecules-10-00324-f006){ref-type="fig"}). Therefore, HEDO is a potential anticancer drug that promotes the intrinsic apoptotic pathway for lymphoma.

NF-κB is a critical transcription factor that regulates multiple genes associated with tumorigenesis in DLBCL. Thus, we investigated the relationship of this signaling and how it defines the molecular mechanism underlying HEDO-induced cell apoptosis. One function of NF-κB is the promotion of cell survival through the induction of target genes, whose products inhibit components of apoptotic machinery in cancer cells \[[@B63-biomolecules-10-00324]\]. NF-κB induces the expression of Bcl-2 family members, such as Bcl-XL, a process that prevents apoptosis by inhibiting permeability transition and the depolarization of mitochondria \[[@B64-biomolecules-10-00324],[@B65-biomolecules-10-00324]\]. We performed western blot analysis with two concentrations (10 and 20 μM) of HEDO. HEDO induces cell apoptosis in OCI-LY3 cells through dose-dependent downregulation of phosphorylated-IκBα (p-IκBα) ([Supplementary Figure S4](#app1-biomolecules-10-00324){ref-type="app"}), which is related to NF-κB signaling, a critical regulator for the transcription factor p65 that regulates multiple genes associated with tumorigenesis. Nucleocytoplasmic shuttling of p65 is crucial for the transcriptional regulation of target genes \[[@B66-biomolecules-10-00324]\]. Recently, several strategies have been investigated for the development of inhibitors that prevent p65 nuclear translocation \[[@B67-biomolecules-10-00324]\]. For example, the adapter protein importin enables p65 translocation through the nuclear pore complex (NPC) \[[@B68-biomolecules-10-00324]\]. This suggests that inhibitors of p65--importin adapter interactions could be effective and selective NF-κB inhibitors \[[@B68-biomolecules-10-00324]\]. The data indicated that the nuclear translocation of p65 was inhibited by HEDO and the p65 remained in the cytoplasm ([Figure 7](#biomolecules-10-00324-f007){ref-type="fig"}B). This result suggests that HEDO has therapeutic potential in inhibiting NF-κB.

5. Conclusions {#sec5-biomolecules-10-00324}
==============

In this study, we subjected OCI-LY3 cells to anti-proliferation and apoptotic effects in vitro and detected that HEDO induced decreased levels of BCL2, BCL-XL, and procaspase 3, an upregulation of BAX and cleaved caspase-3, and increased the expression of ROS. In addition, treatment with HEDO increased the number of apoptotic cells and displayed potent mitochondrial depolarization effects in OCI-LY3 cells. These findings suggest that HEDO could be a potential multi-target therapeutic agent for lymphoma.

The schematic figure in this paper was created using BioRender.

The following are available online at <https://www.mdpi.com/2218-273X/10/2/324/s1>, Figure S1: HEDO reduced the mitochondrial membrane potential within a short time in OCI-LY3 cells. Mitochondrial membrane potential of OCI-LY3 cells after 6 and 12 h loaded with TMRM (100 nM), as detected by flow cytometry, Figure S2: HEDO induced intracellular ROS levels within a short time in OCI-LY3 cells. Measurements of ROS levels in HEDO-treated OCI-LY3 cells after 6 and 12 h, as detected by flow cytometry with DCFDA (1 µM), Figure S3: HEDO-induced apoptosis after 24 h and 48 h in OCI-LY3 cells. OCI-LY3 cells were untreated or treated with HEDO for 24 and 48 h. Afterwards, apoptosis evaluation was performed via Annexin V-APC/PI double staining and flow cytometry, Figure S4: Effects of HEDO on NF-κB signaling in OCI-LY3 cells. Whole cell lysates were used to determine the expression levels of phosphorylated-I kappa B alpha (p-IκBα) and IκBα after treating the cells with HEDO, Figure S5: HEDO induced mitochondrial ROS levels in OCI-LY3 cells. (A) Measurements of mitochondrial ROS levels in HEDO-treated OCI-LY3 cells after 24 h, as detected by flow cytometry with MitoSOX (5 µM). (B) Quantified mitochondrial ROS levels. Values indicate the means ± SEM. (n = 3, \* *p* \< 0.05, \*\*\* *p* ≤ 0.001), Figure S6: Mitochondrial membrane potential changes induced by HEDO in OCI-LY3 cells. (A) Measurements of mitochondrial membrane potential in HEDO-treated OCI-LY3 cells after 24 h, as detected by flow cytometry with JC-1 (2 µM). (B) Quantified mitochondrial ROS levels, Figure S7: Effect of HEDO on the mRNA expression levels of involved antioxidants in OCI-LY3 cells. The qRT-PCR analysis results of the mRNA levels of SOD1, GPx, and CAT in the control and the HEDO (10 μM)-treated OCI-LY3 cells (n = 3, \*\*\* *p* ≤ 0.001) were compared.
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![Chemical structure of 2α-Hydroxyeudesma-4,11(13)-dien-8β,12-olide (HEDO) isolated from *I. britannica* flowers.](biomolecules-10-00324-g001){#biomolecules-10-00324-f001}

![Anti-proliferative effects of *Inula britannica* HEDO on OCI-LY3 cells. Cell viability was assessed by the MTS assay at 48 h after treatment. Values indicate the means ± SEM. (n = 3, \*\*\* *p* ≤ 0.001).](biomolecules-10-00324-g002){#biomolecules-10-00324-f002}

![Decrease in mitochondrial membrane potential in OCI-LY3 cells due to HEDO. (**A**) Mitochondrial membrane potential of OCI-LY3 cells loaded with tetramethylrhodamine methyl ester (TMRM) (100 nM), as detected by flow cytometry. (**B**) Quantification of the membrane potential in mitochondria, as measured by flow cytometry. Values indicate the means ± SEM. (n = 3, \*\*\* *p* ≤ 0.001).](biomolecules-10-00324-g003){#biomolecules-10-00324-f003}

![HEDO-induced changes in intracellular reactive oxygen species (ROS) levels in OCI-LY3 cells. (**A**) Measurement of ROS levels through flow cytometry with 2′,7′-dichlorodihydrofluorescein diacetate assay (H~2~DCFDA) (1 μM). (**B**) Quantified ROS levels. Values indicate the means ± SEM. (n = 3, \*\*\* *p* ≤ 0.001).](biomolecules-10-00324-g004){#biomolecules-10-00324-f004}

![Altered cell cycle progression and apoptosis of OCI-LY3 cells due to HEDO (10 μM). (**A**) Percentage of cells in the subG0/G1, G0/G1, S, and G2/M phases after treatment with each compound. Cells were analyzed through flow cytometry. (**B**) Cell cycle analysis of cells from the same three experiments. \*\*\* *p* \< 0.001 versus control group. (**C**) OCI-LY3 cells were either treated with HEDO or untreated for 72 h and apoptosis was subsequently evaluated through flow cytometry. (**D**) Quantification of apoptotic cells. Values indicate the means ± SEM. (n = 3, \*\*\* *p* ≤ 0.001).](biomolecules-10-00324-g005){#biomolecules-10-00324-f005}

![HEDO-induced apoptosis markers in OCI-LY3 cells. (**A**) Whole cell lysates from HEDO-treated cells were western blotted with antibodies specific for BCL2, BCL-XL, BAX, procaspase-3 and cleaved caspase-3 proteins. (**B**) Comparison of the qRT-PCR analysis results regarding the mRNA levels of Bax, Bak, and Noxa of the control and the HEDO**-**treated OCI-LY3 cells (n = 3, \*\*\* *p* ≤ 0.001).](biomolecules-10-00324-g006){#biomolecules-10-00324-f006}

![Effects of HEDO on morphological changes, p65 nuclear translocation, and cell viability in OCI-LY3 cells. (**A**) Cells treated with HEDO (10 and 20 μM) show morphological changes that are characteristic of apoptosis at 48 and 72 h post-treatment using phase contrast microscopy (n = 3, 200x magnification, scale bar: 200 μm). (**B**) Effects of HEDO on p65 nuclear translocation in OCI-LY3 cells. OCI-LY3 cells were cultured in the presence or absence of HEDO (10 µM). The white arrows show that the nuclear translocation of p65 was inhibited by HEDO and the p65 remained in the cytoplasm. (**C**) Merged fluorescence images showing untreated and HEDO-exposed (48 h) OCI-LY3 cells (green fluorescence represents live cells and red fluorescence represents dead cells). (**D**) Flow cytometry analysis of live and dead Jurkat cells with calcein and ethidium homodimer-1 staining. (**E**) Quantification of dead cells. Values indicate the means ± SEM. (n = 3, \*\*\* *p* ≤ 0.001).](biomolecules-10-00324-g007){#biomolecules-10-00324-f007}
